Abstract: Palladium-mediated cyclization reactions have been recognized as some of the simplest and useful tools for regio-as well as stereoselective syntheses of carbo-and heterocyclic compounds. In the multi-step syntheses of natural products it is frequently used as one of the most important steps. In this review article, we have summarized the various ways of constructing five-and six-membered heterocyclic rings by palladium-catalyzed intramolecular cyclizations published between 2008 and 2010.
Introduction
A wide diversity of natural products possess heterocyclic scaffolds in their molecular architecture. 1 A number of synthetic approaches to the heterocyclic ring structure are available in the literature, and most of these have been compiled in comprehensive reviews devoted to this field. 2 Five-and six-membered nitrogen and oxygen heterocycles are probably among the most common structural motifs spread across a broad array of biologically active and medicinally significant molecules. 3 The increasing worldwide demand for heterocyclic compounds, owing to their pharmacological and biological activities, has prompted synthetic organic chemists to engage themselves in studies directed towards the development of simple, novel and more effective synthetic strategies. In this context, transition-metal-catalyzed cyclization reactions of acyclic precursors are among the most important ways to construct complex heterocycles under mild reaction conditions. 4 Palladium is one of the most commonly used transition metals as it enables a number of very different reactions, including reactions that form carbon-carbon, carbonoxygen, carbon-nitrogen and carbon-sulfur bonds. Some palladium catalysts can usually be used in only catalytic amounts. Palladium tolerates a wide range of functional groups and thus avoids protecting group chemistry. 5 Moreover, most palladium-based methodologies proceed stereo-and regioselectively in excellent yields. These advantages have led to significant growth in organopalladium chemistry over the last two decades, thus palladium catalysts are now known to be extremely active and reliable reagents for the syntheses of heterocyclic compounds. The palladium-based methodologies have been demonstrated as an efficient tool in the synthesis of highly functionalized indole, furan, thiophene, benzoxazole and thiazole derivatives [6] [7] [8] [9] [10] commonly employing palladium(II) acetate, palladium(II) chloride, bis(triphenylphosphine)palladium(II) dichloride and tetrakis(triphenylphosphine)palladium(0), among others, as the catalyst.
Though a wealth of books 11 and reviews 12,13 covering particular and limited aspects of organopalladium chemistry are available, there are still many reports on this topic that have not been reviewed. Moreover, during the last two years it has been used in many multi-step natural product syntheses. A further improvement, also of economical interest, is the development and use of multiple palladiumcatalyzed transformations that are performed in a domino fashion.
14 The main purpose of this review is to present the ongoing importance of palladium-catalyzed cyclization reactions in the field of five-and six-membered heterocycle syntheses. Procedures in which palladium catalysts are not used in the construction of the heterocyclic ring are not included in this review. Moreover, as Narylation reactions in the context of the synthesis of fiveand six-membered fused heterocyles is a very large area, these are not included in this review article.
When N-methallyl derivatives 1 were subjected to the Heck reaction under the same reaction conditions, however, the cyclopropane-fused isoquinoline derivatives (3) were obtained in good yields.
Ray and co-workers 16 also reported the synthesis of various pyran-fused heterocycles by the implementation of palladium-catalyzed intramolecular Heck reactions. This A palladium-catalyzed Heck reaction and dealkylation domino process was used in the synthesis of a large variety of 2-substituted indole derivatives in 40-70% yields (Scheme 5). 20 The reaction of 2-iodoaniline and readily available chalcones smoothly gave the o-iodo-N-allylimine 12 that then underwent the novel transformation under palladium catalysis [Pd(OAc) 2 (5 mol%), Ph 3 P (10 mol%), KOt-Bu (2 equiv), DMSO]. The results of this study demonstrated an unprecedented reaction pattern compared to classical Heck reaction. This study, therefore, provides useful information for new reaction design using palladium catalysis.
Scheme 5
A library of indole-type structures was prepared through the multi-component reaction of 2-iodophenols or pyrimidinols 18, alkyl isocyanides 19, aldehydes 20 and allylamine (21) that led to highly functionalized derivatives 23. This sequence included a one-pot Ugi-Smiles coupling reaction followed by an intramolecular tandem Heck cyclization and isomerization 21 (Scheme 6). 22 To carry out the reactions in one pot, a significant amount (0.6-0.8 equiv) of palladium(0) is required to carry the reaction to completion because of the interaction of the residual isocyanide with palladium in the catalytic cycle. After completion of the Ugi-Smiles coupling, addition of 0.2-0.3 equivalent of trifluoroacetic acid at room temperature allows for the hydrolysis of the remaining isocyanide. The Heck coupling reaction was then carried out on the crude mixture using the same amount of palladium as in the two-pot procedure. The desired indoles 23 were obtained in 51-75% yields using this new one-pot, threestep procedure.
The Heck reaction of 24 was sluggish under palladium(0) catalysis and a 91% yield of dehydroisoindolinobenzazepinone 25 was obtained in the presence of palladium(II) acetate in N,N-dimethylformamide containing potassium carbonate (2 equiv) and tetrabutylammonium bromide (1 equiv) at 110°C for seven hours (Scheme 7). 23 The tetracyclic product 25, upon catalytic hydrogenation, furnished the corresponding isoindolino-benzazepinone. The cyclization of 24 was also carried out under acid-mediated Palladium catalysis has been utilized for domino Heck intermolecular direct arylations to furnish a variety of dihydrobenzofurans, indolines, and oxindoles (Scheme 8). 24 The methodology is applicable over a wide variety of aryl bromides 26 and heterocyclic coupling partners 27. Under optimized reaction conditions, the Heck coupling products 28 were obtained in 47-99% yields and in good regioselectivity. Kim and co-workers 25 conducted palladiummediated reductive Heck-type cyclizations to produce dihydroindole derivatives starting with Baylis-Hillman adducts having a 2-bromoaniline moiety at the primary position. The same starting materials were also used for the synthesis of indole derivatives under slightly different conditions via concomitant d-carbon elimination and decarboxylation processes.
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Scheme 8
A palladium-catalyzed domino reaction that involved a C-H activation 27 process was reported by Jia et al. 28 in their synthesis of diverse carbo-and heterocyclic skeletons from aryl iodides 30. Five-membered palladacycles 31 could be regioselectively trapped by Heck as well as Suzuki cross-coupling or cyanation to give migration 'off' products 33 or migration 'on' products 32 in 60-95% and 47-95% yields, respectively, by manipulating the reaction conditions (Scheme 9). Moreover, the conditions avoided the use of expensive bases, which are usually employed in C-H activation reactions.
We have reported 29 a variety of substituted isoquinolone derivatives 35a-g, obtained through the implementation of the intramolecular Heck reaction sequence under ligand-free conditions in excellent yields from the corresponding Heck precursors 34a-g. The reaction proceeded on the unactivated allylic system without the necessity of using any ligand (Scheme 10).
Scheme 10
Recently, we have also utilized palladium catalysis in the development of a mild and efficient route for the construction of a new class of benz-annulated pyrido [2,3-d] pyrimidines 37 as well as pyrimido [5,4-c] isoquinoline-2,4,6-(1H,3H,5H)-triones 39 in 81-91% and 90-96% yields, respectively. The palladium-catalyzed intramolecular arylation of the pyrimidine C-H bond was carried out under ligand-free conditions using palladium(II) acetate, potassium acetate and tetrabutylammonium bromide in N,Ndimethylformamide (Scheme 11). 30 A new route to the asymmetric synthesis of ergot alkaloid 31 (+)-lysergic acid methyl ester was reported by Fukuyama and co-workers, 32 who constructed the tetracyclic ergoline skeleton by utilizing a palladium(0)-mediated double-cyclization strategy consisting of an intramolecular aromatic amination 33 and a Heck reaction 
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in one pot. 34 The double-cyclization strategy was carried out in the presence of palladium(II) acetate (3 mol%), cesium carbonate (1.5 equiv), triphenylphosphine, triethylamine in refluxing propionitrile (Scheme 12). The tetracyclic product 41 was obtained in 70% yield as a mixture of diastereomers and with the transfer of a chiral centre. After twelve more steps, the synthesis of the target molecule (+)-lysergic acid was achieved. 
Intramolecular Hydroxylations of Alkenes
Alonso et al. 37 developed a new route for the synthesis of 2-substituted perhydrofuro [2,3-b] furans 38 based on the ultrasound-promoted generation of the dianion of isopentenyl alcohol followed by palladium-catalyzed intramolecular acetalization under Wacker-type reaction conditions 39 (PdCl 2 , CuCl 2 , H 2 O 2 ). The methodology has been applied both to ketones and aldehydes. Pang and Chen 40 reported the synthesis of 2-(2¢-hydroxyphenyl)benzoxazole derivatives using the palladium-mediated oxidative cyclization of 2-hydroxyaniline and (2-hydroxyaryl)aldehydes. 
(0.01 M) to give the 1,6-dioxaspiro[4.4]nonane skeleton in high yield but as a mixture of three enantiomers (Scheme 15).
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Scheme 15 Spirocyclization reaction conditions
Intramolecular Aminations of Alkenes
Wang and co-workers 43 reported a facile and efficient synthesis of substituted pyrroles 50 and 52 starting from readily available amino acids, using PdCl 2 (PhCN) 2 as catalyst and copper(II) triflate as oxidant in ethanol at 30°C in 62-92% and 26-76% yields, respectively (Scheme 16).
This method is an aza-Wacker oxidative cyclization catalyzed by palladium(II) and copper(II). It was found that PdCl 2 (PhCN) 2 and bis(acetonitrile)dichloropalladium(II) [PdCl 2 (MeCN) 2 ] exhibit a higher catalytic activity in this reaction than do palladium(II) chloride and palladium(II) acetate.
Scheme 16
Recently, we reported 44 the cyclization of 5-allyl-6-aminocoumarins and 5-allyl-6-aminoquinolones by palladium-catalyzed oxidative amination of alkenes to give a number of 2-methylpyrrolocoumarin and 2-methylpyrroloquinolone derivatives (54a-e) in excellent yields (85-97%). Although both sets of reaction conditions A and B shown afforded the desired products, conditions B gave better results (Scheme 17). For example, the substrate 53a (X = NMe, R = Et) gave product 54a in 71% and 95% yields under conditions A and B, respectively.
A similar type of palladium-catalyzed amination approach was developed by Yang and co-workers 45 to furnish structurally versatile indoline derivatives with fused tetracyclic rings in good yields. Excellent diastereoselectivities were achieved in the palladium-catalyzed oxidative cascade cyclization utilizing quinoline or isoquinoine as ligand to form the carbon-carbon and carbon-nitrogen bonds simultaneously in a single step (Scheme 18). The yields and diastereomeric ratios of the products were affected by the choice of ligands. The yields of indolines 56, with R = H, X = H, F, OMe and n = 1, were quite satisfactory under the palladium(II) acetate and isoquinoline system as this lowered the yields of olefin-isomerized product 57. The other precursors also gave corresponding fused-spiro products depending upon the ligand basicities and nature of substitution on the nitrogen. 
Another example of a palladium-catalyzed amination reaction is the reductive N-heterocyclization of nitro-substituted heteroaromatic 46 compounds 58 having an alkene adjacent to the nitro group. A library of pyrrolo-fused aromatic and heteroaromatic compounds were prepared in 32-94% yields by the use of bis(dibenzylideneacetone) palladium(0), 1,3-bis(diphenylphosphino)propane (dppp), carbon monoxide (6 atm) and 1,10-phenanthroline as the catalytic system where carbon monoxide acts as a reducing agent and is itself converted into carbon dioxide (Scheme 19).
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Scheme 19
A palladium-catalyzed reductive N-heteroannulation of enamines 60, derived from 2-nitroanilines, was reported to give a mixture of 1,2-dihydroquinoxalines 61 and 3,4-dihydroquinoxalin-2-ones 62. The reactions were performed using bis(dibenzylideneacetone) palladium(0), 1,3-bis(diphenylphosphino)propane and 1,10-phenanthroline in N,N-dimethylformamide under carbon monoxide (6 atm) at 70°C to give the products 62 in greater ratios (Scheme 20). 
Intramolecular Annulations of Alkenes via Double C-H Activations
Arai and co-workers demonstrated a dicyanating [4+2] cycloaddition of dienyne derivatives that is triggered by cyanopalladation. 48 This new protocol includes the formation of four carbon-carbon bonds and gives highly functionalized cyclohexenes in only one operation. Treatment of 63 under the optimized conditions [Pd(CN) 2 (10 mol%) and TMSCN (2.5 equiv) in propionitrile under O 2 (1 atm), at 80°C], gave separable mixtures of the cis-and transfused cyclohexene derivatives 64 in 41-78% yield. The reaction rate was influenced by the presence of a bulky R 3 substituent (Scheme 21).
The palladium-catalyzed simultaneous double C-H bondactivitation procedure has been utilized for the syntheses of diperoxyoxindoles 68 starting from N-phenylacrylamides 65, palladium(II) acetate (5 mol%) and tert-butyl hydroperoxide (10 equiv) in acetic acid. The diperoxyoxindoles 68 were reduced with palladium-on-carbon to give a series of 3-hydroxyoxindole derivatives of biological importance (Scheme 22). 49 Fagnou and Liegault 50 also reported an arene-alkane coupling reaction between an azole ring and an unactivated alkane by way of a palladium(II)-catalyzed double C-H activation strategy employing air as terminal oxidant.
Broggini and co-workers 51 reported the cyclization of N-allyl-N-carboethoxy-substituted aminothiophenes and furans by intramolecular palladium(II)-catalyzed oxidative coupling reaction. The conditions required were bis(acetonitrile)dichloropalladium(II) [PdCl 2 (MeCN) 2 ] as catalyst, copper(II) chloride as co-catalyst and an environment-friendly reoxidant such as molecular oxygen to promote the catalytic cycle. The coupling reactions of the corresponding furan analogues led to furo [2,3-b] pyrroles in lower yields than thiophene substrates (Scheme 23).
Scheme 22
A strategy involving palladium-catalyzed aromatic C-H functionalization and intramolecular alkenylation provides a convenient and direct synthetic approach, and thus easy access, to 3-alkylideneoxindoles 52 in up to 80% yields. In the presence of bis(acetonitrile)dichloropalladium(II) (5 mol%) and silver trifluoroacetate (2 equiv) in chlorobenzene at 100°C for three hours, a wide variety of N-cinnamoylanilines 71 gave 3-alkylideneoxindoles 72 in moderate to good yields and diastereoselectivity. For Naryl or N-alkyl anilides (R 2 = Me, Ph) the reaction conditions were altered slightly and 10 mol% of the palladium catalyst was used at 110°C for 12 hours (Scheme 24).
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Scheme 24
Neuville, Zhu and co-workers 54 also reported a palladiumcatalyzed oxidative carbo-and hetero-functionalization of anilide derivatives 73 with concomitant direct C-H functionalization 55 and formation of one carbon-carbon and one carbon-nitrogen bond. 56 With appropriately tethered nucleophiles at the a-position of acrylamides, it was observed that either carboacetoxylation or carboamination can occur, leading to 3,3¢-disubstituted oxindoles 74 or spiroxindoles 75 from the same starting precursors by changing the catalyst and solvent (Scheme 25). 
Intermolecular Annulations of Alkenes
The palladium- 58 Many biologically active, naturally occurring 8,5¢-neolignans and several synthetic derivatives possess this structural motif. With electron-donating (chloro) or electron-withdrawing groups (carboxylic acids, esters) para to the hydroxy group, acceptable yields (18-85%) of the corresponding oxyarylation products were obtained (Scheme 27). The best results were achieved with zinc carbonate and calcium glycerophosphate as bases (85 and 77%), though zinc carbonate provided 81 with better trans-diastereoselectivity.
Fullerene-tethered compounds are in demand because of their potential applications in materials science 59 and biomedical sciences. 60 Wang and Zhu 61 reported the palladium-catalyzed heteroannulation of [60] fullerene with various o-iodoaniline derivatives to give C 60 -fused indoline derivatives. o-Iodoanilines with a substituent on the phenyl ring or on the nitrogen atom were well tolerated, and they all gave good yields of the desired C 60 -fused indoline 62 derivatives 85a-g, ranging from 30-42% (83-95% based on consumed C 60 ). Wang and Zhu further improved 63 the reaction conditions to avoid the use of oiodoanilines as starting precursors, as these are expensive as well as difficult to prepare. The C 60 was treated with readily available anilides 86a-i, using a palladium-catalyzed oxidative annulation approach, through carbon-carbon coupling initiated by C-H bond activation and then carbon-nitrogen coupling to furnish the cyclized products 85 in 20-53% yields (Scheme 28).
Biologically important 64 pyrazino[1,2-a]indole derivatives were prepared in moderate to good yields via the palladium-catalyzed double allylic alkylation 65 of indole-2-hydroxamates. The reaction was carried out by the treatment of substrates 87 with dicarbonate 88 in the presence of tris(dibenzylideneacetone)dipalladium(0)-chloroform complex (5 mol%) and triisopropyl phosphite (30 mol%) as ligand in dichloroethane at room temperature (Scheme 29). 66 Electron-donating, electron-withdrawing, and conjugating groups were all tolerated at various positions.
Regioselective product formation was observed when 2-aminophenylmalonates 90 were treated with (Z)-1,4-diacetoxybut-2-ene (91) in the presence of tris(dibenzylideneacetone)dipalladium(0)-chloroform complex (5 mol%), ligand (20 mol%) and potassium carbonate in tetrahydrofuran under reflux for two hours. The product 3-vinyltetrahydroquinolines 92a,b were obtained in 86 and 92% yields when tosyl was used as protecting group and 2-vinyltetrahydroquinolines were obtained in 71 and 85% yields from the starting materials with Boc as protecting group (Scheme 30). 67 This is due to the variation in the
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Ishar and co-workers 68 developed an easy route to benzoindolizine derivatives 95 that involved the cycloaddition of azadienes with a silyl enol ether 69 followed by a palladium(0)-catalyzed Heck coupling reaction. The in situ generated azadienes 96 (X = H, Me, Cl) underwent cycloaddition reactions with ethyl 3-trimethylsiloxy-2-butenoate (94; 1:1.2 mole ratio) followed by intramolecular Heck coupling reaction using a catalytic amount of palladium(II) acetate (5-10 mol%) in anhydrous toluene at 90 o C in the presence of a slight excess of triethylamine as a base (Scheme 31). 
3
Synthesis of Heterocycles via Alkyne Cyclizations
Heterocyclization by way of alkyne-nucleophile annulation has proven to be a very useful method in modern synthetic organic chemistry. Firstly, the alkyne bond is activated by a palladium species, and this then leads the attack of the nucleophilic centre to the triple-bonded carbon. Both endo and exo cyclization products can be obtained, depending on the number of atoms between the triple bond and the nucleophilic center (i.e., depending on the stability of the newly formed ring).
Intramolecular Cyclizations of Internal Alkynes
One of the major research directions in the pharmaceutical and fine chemicals industries is to adapt homogeneous catalytic reactions to heterogeneous versions through immobilization of homogeneous catalysts on polymer or inorganic supports. 70, 71 Somorjai and co-workers 72 reported a heterogeneous palladium nanoparticle based catalyst that exhibited superior catalytic activity for p-bond reactions, as well as its application in a continuous flow reactor. 73 This palladium-mediated cyclization methodology was utilized for the synthesis of benzofuran derivatives 74 in excellent yield at room temperature. The reaction conditions comprised simply the 40-atom palladium nanoparticles (Pd 40 ) 75 supported on high-surface-area mesoporous silica (SBA-15), 76 along with toluene as solvent and (dichloroiodo)benzene as oxidant (Scheme 32).
A series of isatin derivatives were synthesized regiospecifically in 47-70% yields via the treatment of 1-(2¢-iodoethynyl)-2-nitrobenzenes 102 in the presence of dichlorobis(triphenylphosphine)palladium(II) [PdCl 2 (PPh 3 ) 2 ; 5 mol%] in acetone at ambient temperature or at 60°C (Scheme 33). 77 The reaction was carried out without any added oxidant. Both electron-withdrawing and electrondonating groups were tolerated on the aromatic ring. Sterically more hindered substrates adjacent to the iodoalkyne or the nitro group did not interfere with the reaction. However, the cyclizations of the corresponding pyridine analogues failed.
Scheme 33
Cacchi et al. 78 developed an efficient approach for the synthesis of free N-H 2,3-disubstituted indoles 79 106 in good to excellent yields (50-96%) from arenediazonium tetrafluoroborates 105 and 2-alkynyltrifluoroacetanilides 104 using tetrakis(triphenylphosphine)palladium(0), tet-
Scheme 32
rabutylammonium iodide (TBAI) and potassium carbonate in anhydrous acetonitrile at 60°C. This method tolerates a variety of useful functional groups, including bromo and chloro substituents, nitro, cyano, keto, ester, and ether groups, on both the alkyne and the arenediazonium salt (Scheme 34).
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The palladium-catalyzed halo-alkyne coupling 80 methodology has become a valuable tool for the synthesis of biologically active 81 fluoroalkylindole derivatives. Recently, Wu, Gong and co-workers 82 synthesized (2-trifluoromethyl)indole derivatives 108a-n in up to 86% yield via intramolecular annulation of N-(o-iodoaryl)alkynylimines 107. The best reaction conditions were established as being bis(triphenylphosphine)palladium(II) dichloride (10 mol%), water (1 equiv), and potassium phosphate (2 equiv) in 1,2-dimethoxyethane at 60°C under a nitrogen atmosphere (Scheme 35).
Scheme 35
A cationic palladium complex 83 was used in the synthesis of substituted (3-hydroxymethyl)indoles 109. The method involved Pd(bpy)(H 2 O) 2 (OTf) 2 as catalyst, and was the first example of a tandem reaction initiated by the aminopalladation of an alkyne followed by addition of the carbon-palladium bond to the carbonyl group in the quenching step. This regenerates the palladium(II) species without the necessity of a redox system (Scheme 36).
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Polysubstituted indolizinones were synthesized by Kim and Kim 85 from readily available tertiary propargylic alcohols in a one-pot procedure by employing a palladiumcatalyzed domino cyclization reaction.
14 In this protocol, aminopalladation and reductive elimination were successfully coupled with 1,2-rearrangement. The methodology is mild and has a broad functional-group tolerance. The arylpalladium species, formed in situ by oxidative addition of palladium(0) to R 3 I, activates the alkyne moiety, thereby inducing 5-endo-dig cyclization by the neighboring pyridine group. The resulting indolizinium salts 113 undergo reductive elimination to give 114. 12a,d,86 Finally, 1,2-migration 87 occurs to furnish the desired indolizinones 111 (Scheme 37).
Gevorgyan and co-workers 88 also used the coupling and cyclization of propargyl esters 115 with aryl iodides under Jeffery's two-phase protocol 89 [Pd(PPh 3 ) 2 Cl 2 (5 mol%), Ph 3 P (40 mol%), TBAI (1 equiv), K 2 CO 3 (2 equiv) in DMF]. The cyclized products, indolizines 116, were obtained in up to 96% yield (Scheme 38). This method is complementary to the previously developed approaches 90 towards the syntheses of mono-and disubstituted N-fused pyrroloheterocycles.
Scheme 38
An excellent temperature-dependent cyclization reaction was observed during the stereoselective synthesis of (E)-and (Z)-3-(monosubstituted methylene)oxindoles 118 by way of a 5-exo-dig hydroarylation of N-arylpropiolamides 117 with palladium(II) acetate and 1,1¢-bis(diphenylphosphino)ferrocene (dppf) as the catalytic system (Scheme 39). 91 The stereoselectivity of the products was thermodynamically controlled, providing the (E)-oxin- 2H-Chromene derivatives, comprising a key structural unit of a variety of biologically important 92 and pharmaceutically significant compounds, have been synthesized from aryl propargyl ethers 119 in the presence of a catalytic amount of palladium(II) along with a stoichiometric amount of copper(II) bromide. It was postulated that the activation of the alkyne would occur by coordination to palladium(II) followed by a rapid intramolecular nucleophilic attack by the arene and subsequent halogen transfer assisted by copper(II) bromide to furnish the corresponding 3-bromo-2H-chromene derivatives 120a-i (Scheme 40).
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Scheme 40
The reaction did not proceed in the absence of either palladium(II) acetate or copper(II) bromide, thereby illustrating their significant roles in the reaction, and with lithium bromide present, the reaction was clean and proceeded to completion in a shorter reaction time.
Pyrimidine and its derivatives are very important owing to their high biological activities.
94,95 A number of pyrimidine-and uracil-based molecules, 96 active against cancer and AIDS viruses, 97 have already been synthesized. Recently, we reported the synthesis of pyrano[3,2-b]pyrimidine derivatives via an unusual, palladium-catalyzed [1,3]-aryloxy shift followed by a 6-endo-dig cyclization and [1,3]-prototropic shift. The cyclization and isomerization reactions of 1,3-dimethyl-5-(1-aryloxybut-2-ynyloxy)uracils 121a-f were carried out in the presence of palladium(II) acetate and triethylamine in N,N-dimethylformamide under a nitrogen atmosphere to give the pyranopyrimidine derivatives 122a-f in up to quantitative yields (Scheme 41). 98 Larock's research group 99 reported the first solutionphase synthesis of combinatorial libraries of isoquinolines using palladium-and copper-catalyzed alkyne annulations as the key step. The presence of the isoquinoline scaffold in numerous biologically active compounds served a justification for the generation of such a library. 99 The palladium-catalyzed cyclization of the iminoalkyne substrates 127 in the presence of commercially available aryl iodides furnished the targeted isoquinolines (Scheme 42). 100 Ohno et al. reported that the palladium-catalyzed domino cyclizations of propargyl bromides 130, possessing two nucleophilic functional groups, with catalytic tetrakis(triphenylphosphine)palladium(0) in the presence of sodium hydride in methanol gave 2,7-diazabicyclo[4.3.0]non-5-enes 132 in good yields (Scheme 43). 101 The regioselectivity of the reaction was entirely controlled by the relative reactivity of the amine functional groups, irrespective of the position of the nucleophiles. 
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Scheme 43
Lautens and co-workers reported 102 a one-pot procedure combining the copper-catalyzed Huisgen cycloadditions of alkynes and azides (CuAAC) 103 and palladium-catalyzed direct annulation by C-H bond activation 104 for the synthesis of structurally unique polycyclic frameworks 134 in good to excellent yields (62-97%) from different heterocycle-substituted aryliodoacetylenes 133. The more effective protocol for the combination of the [3+2] cycloaddition with palladium-catalyzed cyclization was to add palladium(II) acetate, triphenylphosphine, base, and tetrabutylammonium bromide as a solid to the completed CuAAC reaction and allow the annulation to proceed. The yields of the one-pot process were similar to those of the two step procedure (Scheme 44).
An efficient palladium-catalyzed intramolecular carbopalladation and cyclization reaction towards the synthesis of tetracyclic N-fused heterocycles uses palladium(II) acetate (5 mol%), potassium carbonate (2 equiv) in N,Ndimethylacetamide or N,N-dimethylformamide as solvent. This transformation proceeds via the palladiumcatalyzed coupling of aryl bromides with internal propargylic esters or ethers (137) followed by the 5-endo-dig cyclization leading to polycyclic pyrroloheterocycles 138 and 139 in moderate to excellent yields (Scheme 45). 105 The palladium-catalyzed alkyne cyclization protocol has been used for the synthesis of benzo[a]carbazole derivatives with a large variety of substitution patterns in good to excellent yields staring from N,N-dimethyl-2-[2-(2-ethynylphenyl)ethynyl]anilines. The optimized reaction conditions include palladium(II) chloride (10 mol%) as catalyst and copper(II) chloride (2 equiv) as hydrocyclization agent in refluxing tetrahydrofuran for one hour. However, under these optimized reaction conditions, cyclization of 140n (R 1 = R 2 = H, R 3 = t-Bu) produced only the monocyclization product 142n in 95% yield (Scheme 46). 106 Compound 142n was then dissolved in tetrahydrofuran and refluxed with palladium(II) chloride (10 mol%) and copper(II) chloride (2 equiv) for a prolonged time of 72 hours to give benzo[a]carbazole 141n in 40% yield, with a significant amount (50%) of 142n remaining unchanged in the reaction mixture.
Scheme 46
Scheme 45 
Intramolecular Cyclizations of Terminal Alkynes
The importance of benzofurans 107 justifies the continuous efforts directed towards the development of new, selective, and efficient syntheses of furan heterocycles. Gabriele and co-workers 108 developed an efficient route for the synthesis of 2-methylene-2,3-dihydrobenzofuran-3-ols 144 based on the palladium-catalyzed cycloisomerization of 2-(1-hydroxyprop-2-ynyl)phenols 143 under basic conditions and obtained the desired products in yields up to 98% (Scheme 47). An equimolar amount of morpholine was needed in order to obtain the higher yields.
Saikawa and Nakata et al. 109 used a palladium-catalyzed cyclization and methoxycarbonylation as the major step in the synthesis of the highly biologically active natural product lactonamycin model aglycon. 110 The cyclization precursor 145 was synthesized from the trihalogenated benzene derivative via carbon elongations, an oxidative demethylation, a cycloaddition reaction with the diene derived from homophthalic anhydride, and a dihydroxylation. When ethynyltetraol 145 was treated in methanol with a catalytic amount of palladium(II) chloride and 1,4-benzoquinone under atmospheric pressure of carbon monoxide (balloon) at room temperature, 146 was obtained in 62% yield as a single stereoisomer (Scheme 48). 109 The palladium(0) and copper iodide catalyzed Sonogashira cross-coupling of 2-aryl-3-iodo-4 (phenylamino)quinolines 147 with terminal alkynes 111 afforded a series of 1,2,4-trisubstituted 1H-pyrrolo[3,2-c]quinolines 149 in a single-step operation in yields of up to 75%. The reaction was carried out with dichlorobis(triphenylphosphine)palladium(II) and copper(I) iodide as catalysts and triethylamine as base in a mixed solvent of 1,4-dioxane and water. Conversely, the 4-(N-allyl-N-phenylamino)-2-aryl-3-iodoquinoline derivatives 150 were found to undergo dichlorobis(triphenylphosphine)palladium(II) and copper(I) iodide catalyzed 112 intramolecular Heck reaction to yield the corresponding 1,3,4-trisubstituted 1H-pyrrolo[3,2-c]quinolines 151 in good yields (Scheme 49). 113 The biaryl coupling reaction with the N-phenyl moiety was not observed. and other 114f,g activities. Chowdhury et al. developed a new, one-pot palladium-catalyzed reaction for the general synthesis of (E)-3-arylidene-3,4-dihydro-2H-1,4-benzoxazines at room temperature utilizing a catalytic system comprising palladium(II) acetate, triphenylphosphine, potassium carbonate and tetrabutylammonium bromide (Scheme 50). 115 The reaction procedure tolerates various functional groups, and the method is characterized by regio-and stereoselectivity, operational simplicity, mild reaction conditions, and short reaction times. 
Scheme 50
Intermolecular Annulations of Alkynes
The palladium-catalyzed reaction of propargylic carbonates 155a-e with 2-substituted cyclohexane-1,3-diones 156a-d, reported by Yoshida et al., 116 produced tetrahydrobenzofuranones 157 with a quaternary carbon stereocenter. The process yielded the tetrahydrobenzofuranones in a highly diastereoselective manner (Scheme 51). This methodology may be useful for the synthesis of natural products having similar tetrahydrobenzofuranone structures. 117 Jiao and co-workers 118 disclosed a unique, direct approach for constructing indoles from simple and readily available anilines and alkynes by C-H activation.
27 Just 10 mol% palladium(II) acetate as catalyst and molecular oxygen (1 atm) as the oxidant were used in a mixture of N,N-dimethylacetamide as solvent and an acid in this catalytic cycle. The reaction conditions are mild and do not require the addition of a ligand or base. Applying this methodology, both N-unsubstituted and N-monoalkyl-substituted anilines were successfully transformed into the corresponding indoles in 20-99% yields (Scheme 52).
Scheme 52
Palladium-catalyzed annulations 119 of 1-alkynyl-phosphine sulfides 165 with 2-iodoanilines 84 have been reported to take place in the presence of palladium(II) acetylacetonate (10 mol%) and potassium carbonate (2 equiv) in DMSO at 90°C in one hour to afford indolebased phosphines 120 166 in moderate to excellent yields (Scheme 53). 121 The choice of palladium source was important: catalysts such as palladium(II) acetate, palladium(II) chloride and tris(dibenzylideneacetone)dipalladium(0) led to lower yields. The substituent adjacent to the thiophosphinyl group, in cooperation with a substituent on the nitrogen atom, creates a sterically congested environment around the phosphorus in 166.
Scheme 53
Products 166 can be easily reduced to the corresponding trivalent phosphines. 1-Alkynylphosphine oxides were also used instead of the 1-alkynylphosphine sulfides. Interestingly, the use of 1-alkynylphosphine oxides as substrates expanded the scope of accessible 2-indolylphosphines in this reaction.
Palladium catalysts have also been used for the couplingcyclization reactions between aryl halides carrying an appropriate functional group at the ortho position and terminal alkynes to afford 3-alkylideneisobenzofuran-1(3H)-ylidene derivatives 122 in up to 82% yields. A variety of terminal alkynes were satisfactorily examined in this reaction.
A variety of substituted isoquinoline derivatives 123 can be synthesized in moderate yield by palladium-catalyzed, microwave-assisted, multicomponent reactions starting from o-bromoarylaldehydes, terminal alkynes, and aqueous ammonia. The reaction conditions included (0.01 mol%) bis(triphenylphosphine)palladium(II) dichloride, copper(I) iodide (0.02 mol%), and aqueous ammonia (2.5 M) in tetrahydrofuran at 130°C (Scheme 54). Under microwave irradiation at the same temperature, the same product yield was obtained but in half the time required for conventional heating. The concentration of ammonia solution was found to be critical in the coupling reaction: 125 both higher and lower concentrations of ammonia gave poor results.
124
Scheme 54
Liang and co-workers 126 reported a mild and efficient domino approach for the synthesis of substituted quinolines via palladium-catalyzed reaction of imidoyl chlorides 169 with 1,6-enynes 170 under Sonogashira coupling conditions. This palladium-catalyzed reaction was simple, and the reaction proceeded smoothly in moderate to good yields. The optimal conditions for this reaction were bis(triphenylphosphine)palladium(II) dichloride (5 mol%) and copper(I) iodide (2.5 mol%) in anhydrous triethylamine at 80°C for seven days (Scheme 55). Other catalysts [Pd 2 (dba) 3 , PdCl 2 , and Pd(PPh 3 ) 4 ] and other common bases (Et 2 NH, Cs 2 CO 3 , NaOAc, Na 2 CO 3 , and K 3 PO 4 ) were found to be less effective in this reaction.
Liang, Li and co-workers 127 developed a useful method for the synthesis of 6H-benzo [c] chromenes 176 by palladium-catalyzed annulation of 2-(2-iodophenoxy)-1-substituted ethanones with arynes 161. This new route used palladium(II) acetate, triphenylphosphine and cesium fluoride in a mixed solvent system (acetonitrile and toluene), and allowed for the one-pot formation of two carboncarbon bonds through an sp 3 -carbon functionalization (Scheme 56). In two cases [R 1 = H, R 2 = Ph, R 3 = 4-Me and R 1 = H, R 2 = Ph, R 3 = 2,4-(t-Bu) 2 ], two regioisomers were obtained in ratios of 1.2:1 and 1.1:1, respectively. Many substituents, either electron-donating or electronwithdrawing, on the 2-iodophenoxy moiety were uniformly tolerated.
A multicomponent reaction was carried out by the treatment of pent-4-yn-1-ols 177, salicyl aldehydes 178, and amines 179 with [Pd(MeCN) 4 ](BF 4 ) 2 (5 mol%) in acetonitrile at room temperature to form spiroacetals 180. The products were obtained in 71-90% yields as 1:1 diastereomeric mixtures (1:1), which seems to be the main drawback of this method. The crude mixture of 180a and its diastereomer 180a was further treated with magnesium perchlorate (5 equiv) and of perchloric acid (1.6 equiv) in dichloromethane and acetonitrile (10:1). 128 Under these conditions, clean and complete conversion of one of the diastereomers into the other was observed, thus providing a single diastereomer. For the synthesis of oxygen-substituted chroman spiroacetal using alkoxymethanes 181, only [Pd(MeCN) 4 ](BF 4 ) 2 in acetonitrile at room temperature led to the formation of the desired products in high yields and as single diastereoisomers (Scheme 57). 129 Here, the relative configuration of the carbon atom carrying the alkoxy group is opposite that of the nitrogen ana- Scheme 56 
O O R logue and the single diastereomers were obtained directly in one step, thereby negating the necessity for further isomerization (i.e., step 2).
Zhu and co-workers 130 reported a palladium-catalyzed three-component synthesis of unsymmetrically substituted 3-(diarylmethylene)indolin-2-ones 184 in yields of up to 67% starting from aryl bromides, alkyl propiolamides and aryl iodides. The reaction involved a sequence of Narylation, carbopalladation, C-H activation, and carboncarbon bond formation, and the oxindoles were produced as both E-and Z-isomers with up to 1:4 (E/Z) regioselectivity (Scheme 58).
Scheme 58 4 Synthesis of Heterocycles via Allene Cyclizations
Ma and co-workers 131 developed a palladium(II)-catalyzed tandem double-cyclization reaction of 1,w-bisallenols 185 to form 2,5-dihydrofuran-fused bicyclic skeletons 186 in the presence of palladium(II) halide (5 mol%). Two catalytic combinations were used to achieve satisfactory yields of the products. The substrates with X = NTs afforded good results in the presence of palladium(II) chloride at 25°C (conditions A, Scheme 59). On the other hand, substrates with X = CH 2 , O, or SO 2 gave 57-81% yields in the presence of palladium(II) chloride and sodium iodide (0.5 equiv) (conditions B, Scheme 59). With 'unsymmetric' substrates, the reaction was realized by converting one of the hydroxy groups into acetate. Optically active bicyclic products 188 were easily prepared by a Novozym-435 catalyzed kinetic resolution and tandem double cyclization of the optically active substrates 187.
Dixon and Li
132 developed a mild, efficient, and diastereoselective cyclization methodology for the synthesis of a range of stereo-defined arylated spirolactam compounds by the treatment of pro-nucleophile-linked allenes 189 with aryl and heteroaryl halides in the presence of tris(dibenzylideneacetone)dipalladium(0) (5 mol%), 1,2-bis(diphenylphosphino)ethane (10 mol%) and potassium carbonate (2.0 equiv) as shown in Scheme 60. As it is operationally simple and tolerates multiple points of diversity, this reaction should be of use in complex natural product synthesis, as well as compound library synthesis.
Broggini and co-workers 133 developed an effective palladium-catalyzed protocol for the intramolecular carboamination or hydroamination reactions of indole allenamides that proceed differently, giving either a-styryl-or simply vinylimidazo [1,5-a] indoles. Under the optimal conditions [ArI (1.5 equiv), Pd(PPh 3 ) 4 (5 mol%), K 2 CO 3 (4.0 equiv)], the cyclization occurred to give a-styrylimidazo [1,5-a] indole derivatives 193 in 68-88% yields (Scheme 61, path A). Despite well-established palladium-catalyzed carbonylations 134 and their application to allene derivatives, 135 the rarity of this kind of carboamination reaction on allenes in carbonylative conditions prompted Kang and Kim 136 to carry out the domino heterocyclization of 191 in the presence of carbon monoxide (Scheme 61, path B).
Under the same reaction conditions as used in path A, compound 191 (when R = 2-iodobenzyl) gave the pentacyclic imidazolinone derivative 197, which can be ascribed to intramolecular carbopalladation of the allene group to form the p-allylpalladium complex 196 followed by intramolecular amination by the indole nitrogen.
Imidazolidine derivatives show interesting biological activities 137 and are used successfully as organocatalysts. 138 Recently, Broggini and co-workers 139 reported the synthesis of 2-vinylimidazolidin-4-ones from a-amino acid derived a-amino allenamides via a palladium-catalyzed domino carbopalladation and 5-exo-allylic amination process. Use of tetrakis(triphenylphosphine)palladium(0) (0.02 equiv), iodobenzene (1.2 equiv), and potassium carbonate (4 equiv) in N,N-dimethylformamide gave 202b) as a diastereomeric mixture in a 6:1 ratio. Carbopalladation and amination of 198f-h using tetrakis(triphenylphosphine)palladium(0) as catalyst and potassium carbonate as a base gave the expected tricyclic products 203f (51%), 203g,h and 203j,k in a 6.5:1 ratio and in 54-59% yields (Scheme 62).
Highly biologically active 140 ergot alkaloids have been prepared by the palladium-catalyzed domino cyclization of amino allenes bearing a bromoindolyl group. With this bis-cyclization as the key step, the total syntheses of (±)-lysergic acid, (±)-lysergol, and (±)-isolysergol were achieved. To study the domino cyclization, diastereomerically pure 204a and 204b (obtained by Mitsunobu reaction) were subjected to the reaction conditions [Pd(PPh 3 ) 4 (5 mol%), K 2 CO 3 (3.0 equiv), DMF, 120°C, 3. 5 h] . Domino cyclization of the major isomer 204a gave an 83:17 diastereomeric mixture of 205a and 205b in 78% yield (Scheme 63). 141 In contrast, the reaction of the minor isomer 204b favored the other diastereomer (205a/ 205b = 21:79), with an overall yield of 67%.
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Intramolecular Biaryl-Coupling Reactions
Biaryl Couplings via C-X Functionalizations
Benzo [4, 5] furo[3,2-c]pyridines are common structural motifs in medicinal chemistry and are often linked to important biological activity.
142
A convenient approach for the synthesis of benzo [4, 5] furo[3,2-c]pyridines bearing several substituents on both rings involves the palladiummediated biaryl-coupling reaction. The optimal conditions for this intramolecular coupling reaction to give the products in up to 95% yields are the following: palladium(II) acetate (5 mol%), 1,3-bis-(2,6-diisopropylphenyl)imidazolium chloride (IPr-HCl; 10 mol%) as ligand, and potassium carbonate (2 equiv) as base in 1,2-dimethoxyethane at 130°C (Scheme 64). 
Scheme 63
Ila and co-workers developed an efficient synthetic protocol for the construction of two classes of heterocyclic frameworks -pyrazolo[3,4-b]indoles 209 and pyrazolo[1,5-a]benzimidazoles 210 -from a common heterocyclic precursor, 208, employing palladium-catalyzed intramolecular carbon-carbon or carbon-nitrogen bond formation as the key step, respectively (Scheme 65).
144
The 1,3-substituted 5-(2-bromoarylamino)pyrazoles reacted under Jeffery's conditions 145 to give the carbon-carbon-coupled products 209 in 52-97% yields. However, attempts to obtain pyrazolo[1,5-a]benzimidazole 210 in a synthetically useful yield was not successful: the product was isolated in only 35% yield, along with the unreacted starting material.
Imidazo[2,1-a]phthalazines were synthesized 146 in one step from the reaction of N-aminoimidazoles and 2-bromobenzaldehydes utilizing palladium(II) acetate, triphenylphosphine, copper(I) iodide, cesium carbonate in N,Ndimethylformamide at 140°C. The imine formation and the Heck arylation were found to occur simultaneously. Both electron-donating and electron-withdrawing groups were equally tolerated.
Increasing interest in carbazole alkaloids can be attributed to the useful biological activities found in this class of natural products.
147 Carbazole derivatives were obtained by the palladium-catalyzed dealkylative cyclization of N-(2-halophenyl)-2,6-diisopropylanilines 211a-f in the presence of palladium(II) acetate (5 mol%), 1,3-bis(2,6-diisopropylphenyl)imidazolinium chloride (SIPr·HCl; 10 mol%) and sodium tert-butoxide (3 equiv) in toluene. The reaction involves intramolecular carbon-carbon bond formation, coupled with the simultaneous cleavage of a carbon-halogen and carbon-carbon bond. The reaction is proposed to proceed through the formation of a dearomatized intermediate which readily aromatizes via dealkylation, if the alkyl carbocation is stable. In the case of diethyl-substituted aniline 211g, the carbazole derivative 213g thus produced subsequently dimerized to the isolated product 214g (Scheme 66).
148
Scheme 66
Ethyl oxanilate 215 (R 1 = R 2 = H, R 3 = Et) underwent an intramolecular direct arylation in the presence of palladium(II) acetate and 1,1¢-bis(diphenylphosphino)ferrocene, furnishing the 5,6-dihydrophenanthridine derivative 216. On the other hand, the corresponding phenyl oxanilates 215 (R 3 = Ph) were transformed into N-arylisoindolin-1-ones 217 under similar reaction conditions. This is due to the fact that the ethyl oxanilates were quite stable under palladium catalysis and thus gave direct arylation product. But the phenyl oxanilates decomposed upon exposure to potassium carbonate in N,N-dimethylacetamide at 120°C and were transformed into N-arylisoindolin-1-ones via palladium(II) acetate catalyzed intramolecular decarbonylative coupling (Scheme 67).
149
A palladium-catalyzed intramolecular direct arylation protocol was utilized for the synthesis of 1-dearyllamellarin D, which is a potent inhibitor of topoisomerase I.
150
Intramolecular direct arylation of 218 in the presence of tetrakis(triphenylphosphine)palladium(0) (5 mol%) and potassium carbonate in N,N-dimethylacetamide (DMA) at 125°C afforded 219 in 89% yield (Scheme 68). 151 Finally, dehydrogenation followed by selective deprotection afforded the desired 1-dearyllamellarin D in 66% yield. 
Scheme 65
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Scheme 68
The synthesis of piperidin-2-one derivatives 152 has been achieved efficiently via the palladium-catalyzed intramolecular Heck (aryl-aryl coupling) cyclization of amide derivatives 220a-f. We synthesized coumarin-annulated piperidinones 221a-f in yields of up to 91% by employing palladium(II) acetate, potassium acetate, and tetrabutylammonium bromide in N,N-dimethylformamide at 120°C for 10 hour (Scheme 69). 152a The yields of the Heck cyclization products are lower for precursors with a free N-H group.
Recently, a new synthetic protocol was developed by our group 153 through the implementation of the palladium-catalyzed benzylic C-H activation followed by a tethered intramolecular arylation strategy to give linearly fused and unusually oxidized pyridocoumarin derivatives. When 7-[(N-alkyl)(2-bromobenzyl)amino]-4-methylcoumarins 222 were subjected to a typical Heck-type reaction protocol [Pd(OAc) 2 , KOAc, TBAB in DMF at 140°C], in most of the cases, the benzylic methylene was oxidized to a carbonyl group in the expected biaryl coupling reaction products. Only the substrates with methyl as the nitrogen protecting group gave the usual products, 223, in 45 and 50% yields. The unusual reaction is supposed to proceed by an initial coordination of the nitrogen lone pair to palladium(0) followed by a metal insertion into the adjacent carbon-hydrogen bond to form 225 154 and a rapid equilibrium with the iminium ion 226. 155 The intermediates 227 may be formed from 226 by reaction with potassium acetate present in the reaction medium. A second oxidation followed by hydrolysis may give the final oxidized products 229. Alternatively, as shown in path b, an oxidation pathway may follow the normal intramolecular arylation to afford the products 229 (Scheme 70).
Recently, we also developed a new efficient synthetic route to polycyclic sultones 156 via ligand-free palladiumcatalyzed intramolecular coupling reactions. When the intramolecular coupling reaction was carried out on substrate 230 using the concept of Jeffery's two-phase protocol 89 at 100°C for one hour under a nitrogen atmosphere, the starting materials underwent total decomposition. Therefore, the catalytic system was modified and, in the end, gave 88 and 78% yields of the substituted aromat- occurred when helicenes 234a,b were treated with palladium(II) acetate (10 mol%) and tricyclohexylphosphine tetrafluoroborate (20 mol%) in N,N-dimethylacetamide at 130°C for 12 hours (Scheme 72). 159 The bis-arylated helicenes 235, containing phenyl groups fused with the newly formed pyran rings, were isolated in yields of up to 95%. In the case of the substrate with a nitro substituent, an inseparable product mixture was obtained, despite the fact that intramolecular arylation of nitro-containing substrates was previously reported. 160 The reaction conditions were changed slightly, to include palladium(II) acetate (10 mol%), tricyclohexylphosphine tetrafluoroborate (10 mol%) and pivalic acid (60 mol%), for the helicene with a naphthyl group (234c) to give the monoarylated product 236 in 37% yield and the corresponding bis-arylated product was also found in 20% yield.
A useful synthetic protocol for the biaryl-and triaryl-coupling reactions under palladium catalysis in the absence of any phosphine ligand was demonstrated by our group. 161 When substrates 237 and 239 were subjected to palladium-catalyzed reactions, biaryl-coupling products 238 and 240 were obtained in 75-80% and 70% yields, respectively. Similarly, treatment of substrates 241 under the same reaction conditions, except at 120°C instead of 100 °C, afforded the corresponding products 242 in 75 and 85% yields (Scheme 73).
Scheme 73
Biaryl Couplings via Double C-H Activations
Glorius and co-workers 162 developed a novel protocol for the highly selective palladium-catalyzed intramolecular direct arylation of benzoic acids by tandem decarboxylation and double C-H activation.
163 Substituted 2-phenoxybenzoic acids 243a-n, with both electron-donating and electron-withdrawing substituents, afforded the corresponding biaryl-coupling products 244a-n in good isolated yields. Methyl, tert-butyl, fluoro, chloro and even bromo groups were tolerated in this process. The reaction afforded excellent control over the competing protodecarboxylation process (Scheme 74). A protocol using palladium(II)-catalyzed cyclization by double C-H bond activation 147,164 was also employed in the highly efficient synthesis of carbazole alkaloids from N-phenylaniline derivatives 246. The reaction, using palladium(II) acetate (30 mol%), copper(II) acetate (2.5 equiv), and pivalic acid as solvent, 165 provided 63% yield of 247 along with 26% yield of recovered 246 and proceeded faster (Scheme 75). 166 Oxidation of 247 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) led quantitatively to glycosinine. Similarly, other alkaloidsclausine, mukonidine and isomukonidine -were obtained from 247.
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Scheme 72
Very recently, Huang and co-workers 167 reported a variety of functionalized N-alkyl carbazolones 168 which were prepared via N-alkylation of 3-(arylamino)cyclohex-2-enones followed by an intramolecular palladium(II) acetate mediated oxidative coupling reaction under an oxygen atmosphere.
Intramolecular dehydrogenative direct arylation of 1,2,3-triazoles 169 248 was carried out in the presence of palladium(II) acetate (5 mol%) and copper(II) acetate (1.0 equiv) in a mixed solvent system (toluene-pivalic acid) at 140°C under ambient pressure of air for 20 hours (Scheme 76). 170 The reaction was further applied to a modular synthesis of hetero-annulated phenanthrenes through a reaction sequence involving two distinct C-H bond arylations. Notably, this multicatalytic approach to p-conjugated heteroarenes tolerated a variety of valuable functional groups, such as (enolizable) ketones or esters, and the direct use of molecular oxygen 171 was not necessary.
Heterocycles via Carbonylative Cyclization
Palladium-catalyzed domino processes that involve the insertion of unsaturated molecules, such as carbon monoxide, alkynes, and alkenes, into a carbon-metal bond are an important step toward the formation of both carboncarbon and carbon-heteroatom bonds in a single step. Carbon monoxide insertion into the aryl-palladium bond to form an acylpalladium complex is a ubiquitous process in organic synthesis. 11a,c,172 Recently, Larock and Worlikar 173 employed a palladium-catalyzed aminocarbonylation 174 process for easy access to 2-substituted isoindole-1,3-diones 175 in 25-92% yields with a large variation of substitution on nitrogen. 2-Bromobenzaldehyde (167) underwent carbonylative cyclization with aromatic and aliphatic primary amines 179 under carbon monoxide pressure in the presence of a palladium catalyst to give isoindolin-1-ones 250 in 30-86% isolated yields (Scheme 77).
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Scheme 77
A series of a-(o-bromoaryl)-substituted ketones 251 were exposed to palladium-catalyzed carbonylation 177 conditions, leading to the formation of the corresponding isocoumarins 178, 179 252 in good to excellent yields. Tris(dibenzylideneacetone)dipalladium(0) (3 mol%), DPEphos (6 mol%), cesium carbonate (3 equiv) and balloon pressure of carbon monoxide 180 were sufficient to achieve high yields of the products, and both cyclic and acyclic ketones were efficient substrates for the reaction (Scheme 78). 181 This methology was also utilized for a short synthesis of natural product thunberginol A through a comparatively simpler route than the earlier published reports.
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Scheme 78
A wide variety of substituted quinazolin-4(3H)-ones 254 were prepared in 63-91% yields by the palladium-catalyzed cyclocarbonylation of o-iodoanilines with imidoyl 
Scheme 76 
chlorides and carbon monoxide. When equimolar amounts of o-iodoanilines 84 and imidoyl chlorides 169 were treated with palladium(II) acetate, triphenylphosphine and triethylamine in tetrahydrofuran under carbon monoxide (500 psi) at 140°C, the corresponding quinazolinone derivatives 254 were formed (Scheme 79). 183 The reaction is believed to proceed via in situ formation of an amidine, followed by oxidative addition, carbon monoxide insertion, and intramolecular cyclization to give the substituted quinazolin-4(3H)-ones.
Scheme 79
Another approach to cyclocarbonylation was realized in the palladium-catalyzed one-pot reaction of diethyl(2-iodophenyl) malonates 255 and imidoyl chlorides 169 using palladium(II) acetate, tri(2,6-dimethoxyphenyl)phosphine (TDMPP) and diisopropylethylamine in tetrahydrofuran under carbon monoxide (400 psi) at 120°C for 48 hours. The desired products, the highly substituted isoquinolin-1(2H)-ones 256, were obtained in a single step in 33-70% yields with variable substituents (Scheme 80). 184 The Alper research group 185 very recently reported the palladium-catalyzed couplings of N,N¢-di(o-iodophenyl)carbodiimides 257a-d with different alkyl or aryl amines under carbon monoxide (balloon) as a route to quinazolino[3,2-a]quinazolinones 258, forming five new bonds in a single step. The best suited reaction conditions for the regioselective formation of quinazolinone derivatives 258a-p in up to 89% yields were palladium(II) acetate (4 mol%), triphenylphosphine (8 mol%) and potassium carbonate (3.0 equiv) in tetrahydrofuran under carbon monoxide (500 psi). The reaction was not dependent on the electronic nature of the substituents of the aryl moiety. The yield of the tetracyclic product decreased as the bulkiness of the R 3 group increased (Scheme 81).
Scheme 81
The same research group 186 also developed a highly regioselective palladium-catalyzed carbonylation reaction strategy for the synthesis of 3,4-dihydro-2H-1,3-benzothiazin-2-one derivatives 260 from 2-substituted 2,3-dihydro-1,2-benzisothiazoles 259 using tetrakis(triphenylphosphine)palladium(0) (5 mol%) in anhydrous pyridine under carbon monoxide (300 psi) at 80°C (Scheme 82). The yield of the reaction was strongly dependent on the substituent attached to nitrogen and decreased as the steric hindrance of the R group increased.
Similarly, 2-aryl-and benzyl-amino-substituted 4H-1,3-benzothiazine derivatives were synthesized by Orain et al., 187 who used an unprecedented intramolecular palladium cyclization to form the sulfur-aryl bond.
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Synthesis of Heterocycles from Alkane Substrates N-(1¢-Alkoxy)cyclopropyl-2-haloanilines 264 were transformed into 3,4-dihydro-2(1H)-quinolinones 266 via palladium-catalyzed cyclopropane ring expansion and C-X bond functionalization reactions (Scheme 83). 188 The reaction tolerated a variety of functional groups such as ester, nitro, nitrile, ether, and keto groups. Bromo-and iodoaniline derivatives gave better yields with a shorter reaction period than the corresponding chloroaniline derivatives. 
Scheme 80 188 The reaction can easily be rationalized by the cyclopropane ring expansion of 269 followed by palladium-catalyzed intramolecular N-arylation. 189 No direct N-arylation product (i.e., 273) was isolated from the reaction mixture.
Rapid microwave-promoted palladium-catalyzed intramolecular enolate arylations of o-haloanilides were carried out in the synthesis of medicinally relevant 3-alkoxy-3-aryloxindoles. 190 The results highlighted the tolerance of the arylation protocol towards heteroatom substituents on the enolate. Only a single prior example 191 existed. The convergent nature of the synthesis (starting from readily available 2-bromoanilines and mandelic acid derivatives), together with the potential for asymmetric variants, makes this an attractive, convenient approach to this important class of molecules (Scheme 85).
192
Scheme 85
Similarly, Neuville, Zhu and Salcedo 193 reported the synthesis of benzoxazolyl isoindolinones 277 via two sequential intramolecular O-and C-arylation reactions (by C-H activation), using two different metal-catalyzed reaction steps (Scheme 86). The salient feature of the work is the differentiation of two tethered aryl iodides for the construction of two different types of heterocycles. Both benzoxazole and isoindolinone are considered to be privileged structures in medicinal chemistry.
Scheme 86 8 Miscellaneous
A palladium(II)-catalyzed intramolecular addition of arylboronic acids to ketones was developed for the synthesis of 2-hydroxydehydrobenzofurans and higher homologues. 194 Compared to palladium(II) acetate, a cationic palladium complex with 1,3-bis(diphenylphosphino)propane as the ligand has higher catalytic activity and greater efficiency for a broader scope of substrates. Highly optically active cyclic tertiary alcohols (up to 96% ee) were obtained with the chiral cationic palladium complex as catalyst (Scheme 87).
Felpin and co-workers 195 exploited the dual reactivity of palladium catalysts in one pot 196 for the synthesis of C3-benzylated oxindoles by a sequential tandem Heckreduction-cyclization (HRC) using aryl diazonium salts as 'super' electrophiles. When methyl 2-(2-nitrophenyl)acrylates 281 and benzenediazonium tetrafluoroborates 105 were coupled under Heck reaction conditions, the arylated products 282 were obtained as an inseparable mixture of diastereomers. The reaction progress was indicated by the evolution of nitrogen gas (~30 min) and the reaction mixture was futher stirred under an atmosphere of hydrogen for 24 hours, leading to oxindole derivatives 284 in good yields (Scheme 88).
195a The electronic effects of the substituents on the diazonium salts had only a minor impact on the tandem process. Indeed, diazonium salts having electron-withdrawing substituents reacted more rapidly with the corresponding acrylate in the Heck crosscoupling than did those with electron-donating substituents.
Scheme 88
Tryptamine and tryptamine homologues 197 were synthesized in a straightforward manner by the palladiumcatalyzed coupling of o-iodoanilines with different aldehydes. 198 The reaction of 84 (when R = H) with 285 (n = 1, PG = Boc) in the presence of palladium(II) acetate (5 mol%) and 1,4-diazabicyclo[2.2.2]octane (DABCO) in N,N-dimethylformamide at 85°C for 12 hours, followed by the addition of palladium(II) acetate (5 mol%) and continuation of the reaction for 12 more hours at the same temperature, afforded the desired tryptamine in 56% yield (Scheme 89). 199 The reaction worked well for o-iodoaniline with both electron-donating and electron-withdrawing groups.
Kuriyama et al. 200 reported the synthesis of 3-arylphthalides 289 via the arylation of methyl 2-formylbenzoates 287 with organoboronic acids (Scheme 90). The reaction proceeded smoothly using allylpalladium(II) chloride dimer (1 mol%) as catalyst, imidazolinium chloride thioether 290 as ligand (1 mol%), and cesium fluoride (2 equiv) as base in toluene at 80°C for one hour. This protocol was tolerant of a diverse range of substrates, and led to a variety of 3-substituted phthalides in good to excellent yields (52-99%).
Scheme 90
Xanthones were synthesized by way of a palladium-catalyzed annulation of dibromoarenes 291 and salicylaldehydes 178 in moderate to good yields. The reaction was carried out by stirring the dibromoarene (2 equiv) with the salicylaldehyde (1 equiv) in N,N-dimethylformamide at 130°C in the presence of dichlorobis(triphenylphosphine)palladium(II) (5 mol%) as catalyst and potassium carbonate (2 equiv) as base (Scheme 91). 201 Both methyl and methoxy groups were tolerated on the salicylaldehyde, furnishing the desired xanthones in good yields (52-63%). However, when a strong electron-donating group, such as diethylamino, was introduced, the yield was lower (38%). It also seems that the reaction was much influenced by the electron density on the dibromobenzene. For example, when two methoxy groups were attached to the aromatic ring, its reactions with salicylaldehyde and its methyl-substituted analogue only gave the desired xanthones in 36% and 33% yields, respectively.
Scheme 91
Phenanthridine derivatives were synthesized in yields of up to 48% by the treatment of imidoyl phenyl selenides 293 (as precursors) with tetrakis(triphenylphosphine)palladium(0) in refluxing toluene in the presence of a base. The insertion of palladium into the carbon-selenium bond, followed by cyclization onto a phenyl ring and subsequent aromatization by elimination of HPdSePh, led to final products 294 (Scheme 92). 
Conclusion
This review has presented numerous useful methodologies, published in the years 2008 through 2010, involving palladium-catalyzed cyclizations or annulations for the synthesis of regular-size fused heterocycles. Most of the reactions proceed under relatively mild reaction conditions and tolerate a wide variety of functional groups to give different heterocycle-fused compounds that are either themselves biologically important, or can easily be transformed into natural product moieties via synthetic manipulation. Most palladium-based methodologies proceed stereo-and regioselectively in excellent yields. As this is still an emerging area, we hope this article will inspire synthetic organic chemists to develop many new protocols for the synthesis of application-oriented, new, and complex heterocyclic compounds. 
